Diversity has not been exhaustively studied in the Ethiopian garden cress (Lepidium sativum L). Therefore, the objective of the present study was to determine the genetic diversity among garden cress genotypes using microsatellite or simple sequence repeat (SSR) markers. One hundred twelve garden cress genotypes collected from diverse growing regions of Ethiopia were investigated using 12 SSR markers which were earlier developed for closely related Lepidium subulatum. A total of 1387 alleles were identified, with the average of 116 alleles per SSR marker. The average polymorphism information content (PIC), Shannon diversity index and Nei's expected heterozygosity were 0.444, 0.750 and 0.443, respectively. High levels of Shannon diversity were noted within population (0.696) than between populations (0.304). Analysis of Molecular Variance (AMOVA) also confirmed that 79% and 21% of total variations were attributed to the within-and between-populations, respectively, indicating greater exchange of gene pool across regions of origin. The genetic distance between populations ranged from 0.044 to 0.396. Cluster analysis using un-weighted neighbor joining method revealed five clusters. The Principal Coordinate Analysis (PCoA) showed the distribution of genotypes in the scatter-plot was highly dispersed at 22% of the total variation, demonstrating complex genetic relationship among genotypes of different geographic origin. Genetic distance matrix among nine populations revealed three different groups to be used as divergent populations in the future breeding programs. Hence, these markers were effective in studying genetic diversity in the 2 Ethiopian garden cress genotypes. Although the transferability of SSR markers from related species was found to be high, the efficiency of identifying more polymorphisms will be improved using garden cress specific markers.
A C C E P T E D M A N U S C R I P T
Introduction
Landraces have been shown to be excellent sources of genes for novel alleles [1] . Garden cress (Lepidium sativum L) which belongs to the Brassicaceae Family is unexploited for medicinal purposes, oil and is an important vegetable crop. Variability in garden cress is largely based on its morphology, agronomic properties, and biochemical traits characterized by low level of polymorphism and highly influenced by their environment [2, 3] .
Characterization and evaluation of germplasm variability using molecular markers is becoming important to develop strategies for conservation and collection, and to increase the sustainable utilization of plant genetic resources [4] . Molecular genetic diversity assessment may not correlate with phenotypic expression of a genomic trait. Nevertheless, it offers numerous advantages over the conventional, phenotype-based alternatives as the former is stable and detectable in all tissues regardless of growth, differentiation, development, or defense status of the cell as it is not affected by environmental, pleiotropic and epistatic effects [3, 5] . Molecular markers are more efficient, precise and reliable in discriminating closely related species and cultivars [2, 4, 5, 6] . Inter simple sequence repeat (ISSR) of garden cress have been previously studied by Kuar et al. [7] and Said and Kassahun [8] . However, limited numbers of polymorphic markers were used and more importantly the ISSR marker is not as robust, highly polymorphic, codominant markers as Simple Sequence Repeat (SSR) marker. As a result, the assessed number of genotypes and the level of efficiency, amount of information generated, and number of polymorphic markers seem insufficient for detailed genetic diversity studies. Simple Sequence Repeat (SSR), also commonly known as microsatellite, marker is particularly more valuable than other molecular markers such as Restriction Fragment Length Polymorphism (RFLP), Random Amplified Polymorphic DNA (RAPD), Amplified Fragment Length Polymorphism (AFLP) as the former is more variable, transferable, co-dominant, robust, chromosome specific and multi-allelic in nature than the latter [4, 9, 10] . Earlier studies using SSR markers confirmed their significance in assessing the genetic variability and distinguishing among closely related genotypes of Brassica germplasm [11, 12] . Hence, SSR marker in combination with agro-morphological markers has great discriminatory power to differentiate divergent populations [13] . So far, to our knowledge, no study was made on molecular diversity of garden cress using SSR marker. Therefore, the present study was undertaken to evaluate the genetic diversity and the relationship of 112 garden cress genotypes using microsatellite markers.
Materials and methods

Plant materials and genomic DNA isolation
Detailed information on the origin of plant materials used in this study are presented in Table 1 .
These include the name of State, Zone and District or Woreda where collections were made as well as geographical coordinates and altitude, for those available. One hundred and twelve garden cress genotypes collected from diverse growing regions in five regional states were used for the study. The molecular analysis was conducted in 2017 at Molecular and Biotechnology Laboratory of the National Agricultural Biotechnology Research Center (NABRC), Holetta, Ethiopia. Genomic DNA was isolated by grinding 0.5 g of dry seeds into fine powder using prechilled mortar and pestle and transferring the powder into the 2 mL eppendorf tube with 1.3 mL DNA extraction buffer (1M NaCl, 50 mM Tris-HCl (pH 8.0), 50 mM EDTA (pH 8.0), 1% PVP) as described by Liu et al. [14] with some modifications. The quantity and quality of DNA were tested by running the sample containing 5 µL gDNA, 2 µL of 6X loading dye in 1xTAE buffer electrophoresis for 30 min at 100 volt. A 0.8% agarose gel stained with 2 µL gelRed was used.
The pictures of the gel were taken on gel documentation system (3UV bench top, M-20 transilluminator). The quantity and purity of genomic DNA were confirmed by a NanoDrop
spectrophotometer (ND-8000, Thermo Scientific). DNA samples were then diluted, and normalized at a concentration of 40 ng/μl for use in PCR amplification. 
Cross transferability of microsatellite markers and their optimization
The 12 microsatellite markers earlier designed for Lepidium subulatum [13] were also proved to show high level of polymorphism and transferability to the Ethiopian garden cress (Lepidum sativum) ( Table 2) . Their length ranged from 20 to 22 bp. The observed allele sizes of PCR products of the current study ranged from 50 to 1000 bp as earlier reported for other species [15, 16] . Detailed information related to the 12 SSR markers is shown in Table 2 . Touchdown (TD)
PCR programs were used as described by Hecker and Roux [17] for optimizing these SSR markers by adjusting the concentrations of the primers and template DNA. Ten randomly
selected genotypes were used for the optimization of PCR conditions and for testing the reproducibility of PCR product patterns before analyzing all genotypes.
PCR amplification
The PCR reactions were performed in a final volume of 10µL which contains 2µL genomic DNA (from 40 ng/µL stock), 1.5µL forward and reverse primer (from 10 µM stock), 5 µL of GoTaq2 green master mixture and 1.5µL nuclease free water. PCR amplifications were performed in a peQSTAR Thermal Cycler (United Kingdom) using different programs mainly based on the melting temperatures of the set of primers ( Table 2 ). The standard PCR amplification follows the following condition: initial denaturation at 94ºC for 4 min; followed by 35 cycles of a denaturation step at 94ºC for 1 min, an annealing step for 1 min, and first extension step at 72ºC for 2 min; and the last extension at 72ºC for 7 min. Specific conditions set for the standard and touchdown (TD) PCR programs are shown in Table 2 .
Agarose gel electrophoresis
Five µl of PCR amplified products were loaded on 3% electrophoretic grade agarose gel with gelRed which visualizes DNA fragments. The gel was run at 100V for 2 h and 30 min in 1X TBE buffer using standard horizontal electrophoresis. A 25/100 bp DNA ladder (BiONEER)
were used as a DNA molecular size standard. The ladder contains 25 to 2000 discrete fragments.
Fragments were detected and photographed using a UVP gel documentation system (Ultra-Violet Products Ltd., Cambridge, United Kingdom) as described above (Figure 1 ). All SSR fragments were scored manually and converted into binary data, i.e., 1 for the presence of the product and 0 for the absence of the product. Consistent and reproducible PCR products were scored as present
(1) and absent (0). Smeared and weak bands were excluded. Fragments of the same molecular weight were considered to represent the same locus. 
Data analysis
The performance of the SSR markers was measured using Polymorphic Information Content (PIC) which was calculated using the formulas: PIC = 1 − ∑ ???? 2 , where ???? is the frequency of the population carrying the ??th allele, counted for each SSR locus [18] . To study population structure, samples were pooled into nine geographic groups (populations) based on the location of collection and magnitude of common boundary they share to form seemingly homogenous groups except in Pop6 for which information on sites of accession collections are not described ( [20] . The Shannon diversity index (I) calculated using the formula:
where πi is the frequency of a given SSR fragment. HO was calculated at two levels: the average diversity within populations (Hs) and the total diversity (Ht) [21] .
Diversity among populations was estimated as (Ht -Hs) / Ht [22] . The proportion of diversity between populations (Ht -Hs), relative to total diversity (Ht) was measured to represent the relative degree of genetic differentiation between populations. Hs is the mean diversity of each of the populations, and Ht is the total diversity of the populations [23] . Pairwise comparisons of the populations and genotypes were used to generate genetic similarity coefficient. Genetic similarity was obtained by Dice algorithm which was described by Nei and Li [24] : Similarity (F) = 2Nab/ (Na + Nb); where Na and Nb are the number of scored fragments for respective individual, Nab is the number of common fragments between individuals 'a' and 'b'. The similarity matrices converted to dissimilarity matrix were subjected to cluster and principal coordinates analysis based on un-weighted neighbour joining method with DARwin version 6
software [25] . To ascertain the statistical strength of genetic relationships identified through this analysis, bootstrapping of the data by 500 was performed. The genetic distance between genotypes/populations was estimated using unbiased Nei coefficient [26] . The genetic variability at different hierarchical levels (among and within the populations) was tested using Analysis of Molecular Variance (AMOVA) implemented in Genalex Version 6.5 [27] . Unknown: accession collected from Ethiopia but exact location was not described.
Results and discussion
SSR polymorphism and genetic diversity
The observed allele sizes of PCR products of the current study ranged from 50 to 1000 bp. They were not in accordance to earlier report for Lepidium subulatum which ranged from 152 to 293 bp. This wide range in the amplicon size was registered for only Lsub10 and Lsub11 markers.
Although we repeated the experiments for these two markers, similar range in the amplicon size were obtained. The deviations from the expected amplicon size might be due to, (i) the PCR primers might not be specific for the species under study since they were originally designed for different species in the same Genera, and (ii) genetic variations among garden cress genotypes might be large enough to reveal huge variability in the range of amplicon size. It might also be due to significant influence by the number of mismatches between the two species, the coexistence of the annealing site of SSR primers, the GC-content within the amplified region, degree of encoded protein conservation, length of the primers, and the genetic proximity or the relatedness of the target species [15, 16] . [29] with the average of 0.443 indicated substantial gene diversity among genotypes. The expected heterozygosity accounts for the frequency of the different types of alleles or loci in the population [30] . In most cultivated plant species, mean heterozygosity values reported from earlier studies were 0.300 for soybean [31] , 0.4 for mung bean [32] , 0.5 for rice [33] where the latter two were implemented using SSR markers.
The PIC value which represents the relative informativeness of each marker ranged from 0.134
for marker Lsub04 to 0.733 for marker Lsub10. The PIC describes diversity within intrapopulation diversity and characterizes the degree of polymorphism in each locus, a PIC value of less than 0.25 indicating low polymorphism, and a value between 0.25 and 0.5 shows average polymorphism, while a value higher than 0.5 indicates a highly polymorphic locus [34] . Based on the PIC values, Lsub01, Lsub10, Lsub11 and Lsub12 were considered as highly performing markers for identification and genetic diversity estimation of garden cress, while Lsub04, Lsub09
and Lsub13 were considered as inefficient markers to scan diversity in the genotypes. High PIC values show that the fragments generated are very informative. Hasan et al. [35] and El-Esawi et al. [36] reported that the PIC demonstrates the informativeness of the SSR loci and their potential to detect differences among the varieties based on their genetic relationships. In the same manner, Shannon's diversity index (I) ranged from 0.26 (for Lsub 04 marker) to 1.41 (for Lsub10 marker) with an average of 0.75 ( Table 4) The present study also detected 100% polymorphic loci, which was partially in agreement with the previous studies on garden cress accessions using ISSR markers [8] . Our results are further
supported by Kaur et al. [7] in which 82% polymorphism was in agreement with Fayyazet al.
[37] on Brassica population, where higher numbers of fragments for each marker reflected the existence of larger genetic diversity among the investigated genotypes. Markers with high numbers of polymorphic fragments are thus desirable in studying genetic diversity, and discrimination of the genotypes. Based on Nei's test [38] , the highest genetic diversity value of 0.72 was observed from locus Lsub 10, while the lowest value of 0.13 was recorded from locus Lsub 04, with a mean diversity of 0.44 ( Table 4 ). Similar results were reported for genetic diversity analyses of Brassica napus and Brassica oleracea, using SSR markers by Fayyazet al.
[37] and El-Esawi et al. [36] , respectively.
Genetic relationships and cluster analysis
Cluster analysis based on un-weighted neighbor joining method grouped the genotypes into five distinct categories ( Figure 2 ). All clustered groups consisted of landraces originated from different regions of Ethiopia. Three major clusters (I, III and IV) comprised 39, 38 and 20 genotypes, respectively ( Table 5 ). The remaining two clusters (II and V) contained 10 and 5 genotypes, respectively. Each major cluster was further subdivided into sub-clusters that consisted of members from different region of origin. Tigray is over 1200 km away at the farthest north of the country. In Cluster IV, while six accessions were originated from Tigray, seven were collected from Wello (Figure 2) . The cluster analysis indicated genotypes with high level of similarity that might be due to the duplication of genotypes during collection or due to the use of materials with the same background. Genetic relationships were found to be very close within genotypes of each of the three major groups and substantially divergent among the genotypes between the groups which are vital in the exploitation of their variability in future breeding programs. The weak geographic associations obtained from the present study among the genotypes were similar to the findings of Said and Kassahun [8] on garden cress genotypes using ISSR marker. However, the findings of the present study were in contrary to that of Hajibarat et al. [39] who studied 48 chickpea genotypes using SSR markers which demonstrated the correlation between genotypes diversity and their geographic distribution partly dependent on the type and nature of genotypes used in their study. Generally, the cluster analysis revealed that the grouping of the genotypes did not exhibit defined relationship to the geographical regions of origin, showing random dispersion. This might be due to common ancestry or introduction of the gene pool in the distant past which can reduce genetic differentiation among populations. Similar findings were reported by Said and Kassahun [8] and El-Esawi et al. [36] on the diversity study of garden cress and Brassica oleracea, using ISSR and SSR markers, respectively. The cluster analysis, as indicated in unweighted neighbor-joining tree (Figure 2) were in accordance with the genetic distance (dissimilarity coefficients) ranging from 0.059 to 1.00 with an average of 0.545, signifying high level of molecular diversity among genotypes. The present findings supported previous findings in related species [11, 40] , where RAPD and SSR markers effectively estimated genetic distances among genotypes of Brassica species. Table 5 
. Distribution of Ethiopian garden cress genotypes in five clusters
Principal coordinate analysis (PCoA)
The results of the principal coordinate analysis (PCoA) were compared with the cluster analysis. The first two components explained 22% of the total variation. The distribution and association of genotypes in the three major cluster analysis and PCoA agreed well. In the scattered plot graph (Figure 3) , the genotypes from cluster I and II overlapped and were clearly separated from the genotypes in cluster III, IV and V. The genotypes from cluster I were grouped together, while the genotypes from cluster IV separated away from all other
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genotypes. PCoA showed that the distribution of genotypes of garden cress was somehow similar to that observed in the clustered genotypes based on Unweighted neighbor-joining method. Two distinct groups were formed on the axes, however, genotypes such as number 63, 84, and 91 were far from other group members, indicating their unique feature and significant divergence [15] . Most genotypes were grouped in their respective clusters and overlapped with other genotypes with different clusters. They could be distinguished clearly into groups, suggesting a rich genetic variation among genotypes without ignoring appreciable similarity within groups of genotypes (Figure 3) . The results were in agreement with works of Özbek and Gidik [41] on rapeseed.
The genetic variability within and among populations
The AMOVA for the twelve microsatellite loci and nine populations is presented in Table 6 . (Table 7) . The Shannon diversity index between the populations (Ht = Ht-Hs/Ht = 0.304) was smaller than the genetic variation within the population (0.696).
The AMOVA also demonstrated that 79% of the genetic variations resided within populations, while only 21% variations were among the populations (Table 6) prevented the differentiation of populations with Nm >1 [20] . The present study revealed higher genetic variability among genotypes in pop3 and pop4, but lower variability in pop6 and pop7. This information is vital in selecting garden cress genotypes for conservation and improvement. Our results are in agreement with earlier report from garden cress [8] . Similar findings were also reported by El-Esawi et al. [36] in studying genetic diversity in Brassica oleracea using SSR markers. (Figure 4) .
Comparatively lower genetic distance between majority of populations were observed. The constructed matrix revealed that least genetic distance (0.038) was noted between Pop9 and
Pop8. Genotypes from Gondar (Pop8) and from Jimma, Keficho Shekicho and North Omo (pop7) were the most divergent (0.396) (Figure 4) , hence could be used as parental lines in the hybridization programs. 
Conclusions
There is very limited genomic information on the Ethiopian garden cress. The crop is cultivated by subsistence farmers in Ethiopia where only landraces are cultivated in the country since no improved variety has been so far been released. That is the reason why the crop is considered as an orphan or neglected crop. This study is the first step towards the characterization of garden cress germplasm using microsatellite markers. A successful Table 1 . Figure 2 . The grouping of 112 garden cress genotypes into five clusters using unweighted neighbor-joining tree with DARwin 6 software [25] . Colors represent genotypes from the nine populations indicated in Table 3 . Figure 3 . The scattered ordination plot of the first and second principal coordinate analysis of 112 genotypes clustered into 5 groups with different colors. CI: cluster I; CII: cluster II; CIII: cluster III; CIV: cluster IV; CV: cluster V. Names and number of genotypes under each cluster are shown in Table 5 . Table 3 .
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